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NODE-BASED NETWORK ANALYSIS AND ITS APPLICATION TO MINE VENT(LATION

W. S. Gregory, B. D. Nichols, and R. Idzorek

Los Alamos National Laboratory

Loe Alamos,

ABSTRACT

A numerical procedure to model flow natworks
using a node-based approach is discussed, and the
analysis sncompasses both steady-state and tran-
slent solutions. A family of computer codes has
been developed using the node-based approach.
Thie technique is illustcated by applying two of
the computer codes to mine ventilation networks.

IWNTRODUCTION

A ventilastion network snalysis method based on
sucressive numerical corrcections at nodes is intro-
duces. Moat mine ventilation natwork computer
codes use Successive numerical corrections cf the
f.ows in a network to achisve a balanced. These
two approachas first were put forth by Hardy Cross
many years ago (Crosse, 193¢). Tha flow correctlion
method wae used initlaliy because there are fewer
flow slmultaneous equations than nodal equatlions,
and this vas very beneficial when balsncing a net-
work by hand cslculations. However, using a com-
puter code to balanca tha piessures in the network
overcomes this apparent dissdvantage tn the nodal
approach.

8. 8. Bhamidipati and J. A. Procarione discuse a
linear analyois of flow networks based on solving
nodal head equatlons (Bhamidipatl snd Procarlons,
1986). They use a matrix approach to solve the
riodal set of equations and report that this formu-
lation offers aigniflcant advantages over tradi-
tional network analysges.

Thx numerical procedure dsscribed nere utes an
fterative solution method and produces both steady-
state and transient solutlions. 1In addition, both
incompressible and cumpressible flows can be taken
into account. Flows, pressures, temparatures, den-
sitles, and material concentrations can be calcu-
lated,

The mathematlics and numerical procedures used
when tempersture snd denwmity variatlons are unim
portant are given. When these effectr are Lmpor-
tsnt, the basic analyais ls extended by sdding mo-
mentum and energy equations to obtain the solution.
These analyses have resulted {n saversl computer
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codes that are easily understood by a ventilation
engineer. Several classical mine ventilation prob-
lems will be used to illustrate the approach.

NUMERICAL SOLUTION PROCEDURE
Temperature and Density Variations Unimportant

The volume flow rate, Q. is related to the
pressure drop (P; - Py) for a duct between two
nodal locations as follows.

Qu = By (Fy - rj)' . (1)

vhere
By = resistsnce of branch k,
¥ = constant, and
Py, P: = nodul prossures st ends of branch k.

Applying the basic nodal relatlonship of conser-
vation of flow at the nodes requires

I = 0 . (2)

If a node containe a certain volume or capaci-
tance, the following relationship appllies.

dp _ AT
" v G Q) 3

whero

density,

gas constant,

temperature,

node volume,

time, and

branch flows in and out of the
volume.

r< N

Qin: Qout

If the verlations of p and T are small or unim-
poertant, they can be treated as constants in the
analysis.
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Using & perturbation technique, we note that for
s small perturbation (4P), the correct value for
pressure PJ is

PJ-PJO-GP . (4)

where the sign -~ indicates a temporary value. Re-
turning to Eq. (1) and substituting Eq. (4) glves

Qu = By (Py - Py - ¥ (s)

Using a Taylor series expansion of Eq. (5) gives a
linear relatlonship between flow and press:ce as

Q-k-lk-ckaP f (6)

where Ay and Cy are temporary ilterative values
based on previous values of pressura. Equation (6)
can be substituied into Eq. (2) to yleld

I
) 'EB ' (7)

J ICk

This is essentlslly a formulation of Mewton's meth-
od. An implicit lterstive numerical scheme 18 usad
to solve Eq. (7) for the pressurs correctlion at
each node. The itsrative process continues untlil
the preasure correction 4P approaches zero or until
a convergence criterion is met. The numerical
scheme is altered slightly for the aquation of
state that was formulated using Eq. (3) for capaci-
tance nodes.

Tempersture/Density Varlations Important

For cases in which temperature and density
changes are severe, Eq. (1) is not sufficient be-
cause the flow-pressure relationship ls more com-
plicated. 1In particular, the deusity varlation
must be considered simultaneocusly with the pressura
variation. The approach taken for these cases is
outlined in a Los Alamos National Laboratory report
(Gregory at al., 1979).

Becsuse Eq9. (2) and (3) are not adequate %o de-
scribe the conservation of mass, the energy equa-
tlon must be #4ded to describe the flow dynamlica.
Thus, we must 1 se a numerical schaeme to sclve a set
of nonlinesr algebraic equatlons with two unknowns.

The conservation of mass can ba developed as
tollows.

[ q.9Q [ qi@, =0 , a)
M S

where my and Qy are the mass and volumetric flow
rateo, rewpectively, in branch k. py i the den-
sity in branch X, snd qy ls used to sdjust for the
proper [low directlion: qy = ¢ 1 for the downstream

node of a branch and q) = - 1 for the upstream node
Equation (B) can be made more general to allow for

mass accumulation at the node by the following re-

lationship [analogous to Eq. (3))

de | 1

I .
dat v[qu"‘k*"-]' S

where M, is an arbitrary mass source per unit time
for the volumg, V, of the nodn.

The second relationship required in this analy-
sis is the energy equation with its corresponding
effect on both nodal temperatures and pregsures.
The energy equation used in the analysis ir

2 t
R PR R R B
P P
where
v = branch veloecity,
R =~ gas constant,
Y = specific heat ratio,
Cp = specific hest at constant valua,
Tk = branch temperaturs,
Tg = source temperature,and
&, = eneargy source.

This equatlon ie¢ developed in datail in a report by
Tang (Tang et al., 1981).

In this snalysis, we require s more complex re-
lationship between the pressure and flow than that
used in Bq. (1). Using Fig. 1, Lhe momentum equa-
tion for brcanch flow m ia

.2
. K m
40, (P - P - -—’g‘——n ' (1)
2Ap
where
I = branch inertia,
t [}
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The duct flow equation {€q. (11)] iw derived in
more detail In Tung (Tang, 1982). The true up-
stream node danity and the pressurs diffarential
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FIGURE 1. Braunch with sudden area change.

are (Py - Py), not (P4 - Pj), 80 when the flow is
positive from i to §,

Py = PJ' . (15)

However, Py and P} are connected through the isen-
tropic relation

P T, L
;l .t = (51)1-1 ' (16)
1 P 1
with

v, 2 v,2
A A0

T+ 76 T+ 7e (n

P P

yy-1 (18)

Therefore, the continuity between | and 1,
M om pyVid} = p1VIA (19)

can be solved to obtain r
condition

p for s glven m and node

We cun cast the flcw eqiation into a form simi.
lar to Eq. (6) by addine t5th the perturbation
pressure and densjty.

moe A - Cép - B4y (20)

wherv A, €, and 45 have the same meaning ss |ir
FqQ. (6) and B is a temporary conftant associated
with the denmity perturhation term,

Py ~ By * 40y (21)

The valuws for A, & and f In finite difference
form are given In kEqe. (22) (24)

2 1 - - 1 . -
ak® Atpll +p [ (Pj - Pl) -t M ] o, (22)
P, T
C . ————JL—;—- ’ (23)
2ak + —»p

g - Ep{{—tl . [(pj B - M'D]

1 (24)
/(2ak + =< )}.
at’1
where
K
= ___.f.'g : (25)
2A

Turning to the mass conservaZion equatlion
[Eq. (93], ite finite-differance form is

v . .
o Py Ay ) T T H, )

with » being the node density at the previous
io

time. We put the variations of p; and My into
Eq. (26) and obdtasined

811854 *+ @y28p3 = by 27
where
811 quck ' (28a)
. v
8, st tq.‘_!k . and (20b)
b, = Iqh ¢ M+ (o -5 (28¢)
1 klk [ ] At lo i )

Bquation (27) contalns two unknowns, 43, snd é3,.
We need the energy equation to zomplete the system

Using the enargy equation and the concept pre-
sented above with much algebraic menipulation

ylelds
“yy 8Py ¢ 8y, 4By = b, (29)
where
T L AL T (308}
8;; « Ry tqkt.k , and (30B)
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b2 = at (Pi - Pi) + Ry [ [qua
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E. (30C)
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The undefined variables in the above equations are
as follows.

Fq = Fg - CgdPy - B85 = energy flux , (31)
where
P » A (T +Ry (32)
(o}
€ -8 (r+R)+AT (2.1
e . -
rT Pl
(33)
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Combinine Eqs. (2)) and (29) glves a solutlon for
4P and 43.:

4Py ~ (bjasy  baayy)/(apyag)  aya3)) &nd  (42)

8p; = (ajzby - az1b1)/(ayjay; - ajap) . (a3)

The correction terms 4Py nnd.éii are used in the
numerical ccheme explained above for the constant
temperature and density case.

COMPUTER CODES

The numerical solution procedure we developed
has Jed to the development of & family of computer
codes.

TVENT - A computer code that can determine the
preasures and flows in an srtitrary ven-
tilation network for steady-state and mild
transient conditions (Duerre et al.,
1978).

EVENT - A computer code that can determine the
pressures, flows. densities, and temperas-
tures in arbitrary ventilation networks
for steady-state ond severe transiant
conditions (Tang et al., 1983).

TORAC - The same capsoi!'ties rs TVENT, but it
includes the capabllity for transport of
aerosols (Anc: -= et al., 198S5).

EXPAC - The same capabllitias as EVENT, but it

includes the capability for transport of
aerosols (Nichols et al., 1987).

FIRAC - A computer code that can determine the
pressuras, flows, densities, tempera-
tures, and heat transfer in an arbltrarcy
ventilatlion network. Fi-e propagation
and smok2 fransport are included (Nichola
ot al., 1986).

All of the computer codes ara based >n the noda.
concept outlined above. The airflow pathways can
include multiple interconnacted rooms, dsmparws,
flltera, and blowers. The transient por:ions of
the coder are used to simileste the effacts of ac-
cldents such as fires and explcosions or ~qulpment
failures such as loss of @ blower. The codes are
orientsd toward bullding ventilation systems, hut
therte is no reason why they cennot be pplied to
mine ventllstlon netwerks, which are in some ways
much simpler. Applications to mine ventilstion
networks are presented below.

APPLICATIONS TO MINE VENTILATION NETWYORKS

In this section, ws discuss the application of
two of tha codes outlined above to welected mine
ventilaLien networks. TORAC snd EXPAC will be used
to modal the ventilstion networks for both steady-
state and transient wolutions.

The firet spplicetion ie the classic mine vent!l.
tilatlon network rhown in Fig. 2. This ls the same
network snalyzed by Bhamidipatl and Procarions
(1986). In our analysls, we have chosen (o use
TORAC to obtain the steady-stste anlutlon. Equs-
tlons (1)--(7) are solved in en iterstive, impliclt
manner with a convergence criterion of C.001. We



have added an extra branch to separate the fan from
the flow registance between nodes 1 and 5. 1In ad-
dition, we have given the fan a relatively flat
blower curve. Using the resistance values shown in
Fig. 2 and an arbitracy flow distributien, the
steady-state results are given in Tables 1 and 2.

The second mine ventilation problem involves us-
ing the EXPAC code to model the flow network shown
{in Fig. 3. Flgure 3 depicts a more realistlc, al-
though small, mine ventilation system. The steady-
state flows and pregssures at selected branches and
nodes are given in Tables 3 and 4. In addition to
solving for the system steady-state flows and pres-
sures, we wish to illustrate the tranaient capabil-
ities of the codes.
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FIGURE 2. Simple network to illustrate appli-
cation of node-based network anaiysis.

TABLE 1. ‘'[ORAC Stesdy-State Sclutlon of Fig. 2
Branch Flows.

Flow
Eranch (c€m) _(m3/n)
1 99 473 46 .94
2 AG 623 22 .00
k] 52 89) 24 .96
A -3 915 -10.9%?
) A8 955 23.10
6 50 66) 23.91
7 99 42) 4¢ .92
J 99 423 46 .92

TABLE 2. TORAC Steady-State Solutlon of Flg. ¢
Nodal Pressures.

Pressure
Node (in_w.g.) — —AP8)
1 0.1625 A0 . a8
Fd 0.7310 182.1v
3 1 6%49 412 .24
4 1.640) 408 .60
5 1.601) 897 .52
& 44001 1096 . 81

FIGURE 3. Small mine ventilation network to
illustrate applicatlon of steady-state and
transient analyses.

TABLE 3. Figure ] Steady-State Branch Flow Rates.

Brench ~ Flow Rate (mi/s)
6 14.16
20 6.75
23 22.22
22 20.75
4 132.15

TABLE A. Figure 3 Steady-State Node Prassures.

Mode  Prassure (kPw)
[] 0.00
15 2.069
18 A,LA94
17 2.228
6 3.088

To illustrate the translent capabllities of the
EXPAC code. we have atsumed that 20 1» of TNT ex-
plodes st node 19. As shown in Figs. 4 and 5, a
very strong transient ls propagated through the sys-
tem. Figure 4 shows the change in pressure at node
10, an¢ Fig. 5 shows the flow rates in branches 20
and 22. Wotlcu the stoag flow raversal in branch
20 and the increase in flow for branch 22.

SUMMARY

We have developed node -based solution algorithm
sultable for arbitrary flow networks. These molu-
tlon algorithms can be used to obtain steady-stute
snd transient solutions. Two solution rforma are
prieiented.- one for cates where temperature and dan-
sity variations are unimportant and one for cases
where they are important.

Two computer codes, TORAC and EXPAC, ware ue-
lected to Lllustrate Lhe application of the tach-
niques to mine ventlilation problems. The two codec
are from a family of computar codes developod at
Lnos Alamos to perform accident asnslysas in nuclear
facllitleg.



30

(-]
g
Q
-
~
o
7
94
&
-
Te
E"
=R
]
g.
o
- 4
I"
tornem W
Q
1
(-]
)
ap -1l 02 a) Oa ca o8 or os 09 0

tre (8)
FIGURE 4. Time hlstory of pressure at node 18 be-
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Two mine echematice were analyzed. A classgical
mine schematic (Fig. 2) was analyzed for steady-
atate flows uging TORAC. EXPAC was used to analyze
Q more complicated mine ventilation system for both
steady-state and transient fiows.

We have presented a solutlion technique and com-
puter codes that can be used easily by the mine
ventilatlon communlity for beth mine design and
analysis of potential accident situations involving
fires and explosions and the agsociated aerosol
movement .
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